The immunomodulatory receptor Siglec-3/CD33 influences risk for late-onset Alzheimer's disease (LOAD), an apparently human-specific post-reproductive disease. CD33 generates two splice variants: a full-length CD33M transcript produced primarily by the "LOAD-risk" allele and a shorter CD33m isoform lacking the sialic acid-binding domain produced primarily from the "LOAD-protective" allele. An SNP that modulates CD33 splicing to favor CD33m is associated with enhanced microglial activity. Individuals expressing more protective isoform accumulate less brain ␤-amyloid and have a lower LOAD risk. How the CD33m isoform increases ␤-amyloid clearance remains unknown. We report that the protection by the CD33m isoform may not be conferred by what it does but, rather, from what it cannot do. Analysis of blood neutrophils and monocytes and a microglial cell line revealed that unlike CD33M, the CD33m isoform does not localize to cell surfaces; instead, it accumulates in peroxisomes. Cell stimulation and activation did not mobilize CD33m to the surface. Thus, the CD33m isoform may neither interact directly with amyloid plaques nor engage in cell-surface signaling. Rather, production and localization of CD33m in peroxisomes is a way of diminishing the amount of CD33M and enhancing ␤-amyloid clearance. We confirmed intracellular localization by generating a CD33m-specific monoclonal antibody. Of note, CD33 is the only Siglec with a peroxisome-targeting sequence, and this motif emerged by convergent evolution in toothed whales, the only other mammals with a prolonged postreproductive lifespan. The CD33 allele that protects post-reproductive individuals from LOAD may have evolved by adaptive loss-of-function, an example of the less-is-more hypothesis.
CD33 (Siglec-3)
4 is the eponymous member of the CD33rSiglec family. CD33rSiglecs recognize sialic acids, the nine carbon-backbone monosaccharides that are often present at the terminal ends of the glycan chain of glycoproteins and glycolipids. Siglecs generally contain several extracellular immunoglobulin domains. A terminal V-set domain binds sialylated ligands and is followed by a varying number of C2-set domains, a single pass transmembrane domain, and an intracellular tail. CD33rSiglecs are commonly expressed on the surface of immune cells and bind extracellular ligands to influence the activation state within the cell (1-3). CD33rSiglecs are classified as inhibitory or activating based on the effect of ligand binding on immune cell activation (1) (2) (3) . Inhibitory Siglecs carry immunoreceptor tyrosine-based inhibition motif (ITIM) and ITIM-like motifs in their intracellular domain. Ligand binding results in phosphorylation of a tyrosine residue in these motifs, and recruitment of tyrosine phosphatases SHP-1 and SHP-2 initiates a signaling cascade that inhibits the immune response (1) (2) (3) (4) . Depletion of SHP-1 and SHP-2 leads to an increase in the endocytosis of the CD33 receptor (5) . Notably, the functions of CD33rSiglecs evolve rapidly. Mouse and human CD33 are rather different; they are expressed on different cells, bind to different sialic acid probes, and carry different intracellular domains (6) .
Several genome-wide association studies found that alleles of CD33 influence the risk of late-onset Alzheimer's disease (LOAD) (7) (8) (9) (10) . LOAD is a human disease that impairs the cognitive function of post-reproductive individuals, and other primates do not appear to be susceptible (11) (12) (13) . A new CD33 allele evolved in the human lineage: that is, two human-specific variants (rs3865444A and rs12459419T) are associated with protection against Alzheimer's onset in elderly individuals (14) . The protective allele modifies the ratio of two splice-variants (full length CD33M and truncated CD33m) increasing the relThis work was supported by National Institutes of Health Grants R01GM32373
and P01HL107150 (to A. V.) and CA160911 and DK099226 (to P. G. cro ARTICLE ative abundance of CD33m (15) . CD33m is missing the terminal V-set domain that engages ligands outside the cell (16) . The ratio of CD33M and CD33m in protected individuals resembles that of chimpanzees, suggesting that this new allele evolved to compensate for other changes that occurred on the human lineage (14) . Because the effects of the derived protective allele are primarily in post-reproductive individuals, it may have evolved by inclusive selection. Preserving the cognitive functions of the elderly increases the survival of their younger relatives and decreases the burden of elder care for the social group (17) .
Mutations that improve an existing trait can benefit health, and gain-of-function mutations that prevent disease have been extensively studied. But if an existing function becomes pathological, then losing this function can also prevent disease (18 -20) . This less-is-more scenario has received relatively little empirical attention (21, 22) , perhaps because it opposes the a priori assumption that existing organismal traits are well-suited to their environment or perhaps because the absence of a function is challenging to demonstrate conclusively. We delve into one potential case using the expression and cellular localization of an alternative splice form of CD33 to examine the mechanisms that may explain its protective effect on Alzheimer's disease. Here, we delimit the possible mechanisms of immune cell activation by CD33m. We ask whether the CD33m isoform could engage in any functional interaction with ␤-amyloid or signaling at the cell surface and whether immune cell activation or ligand binding influences the localization of CD33m within cells. We also trace the evolution of a motif that guides the intracellular localization of CD33m among mammalian species. We also generated and characterized CD33m-specific antibodies that do not react with CD33M.
Results and discussion

Discovery of an intracellular pool of CD33
Previous studies reported very low expression of CD33 on mature granulocytes (6, 23) . To determine whether CD33 is expressed at the cell surface or inside the cell, we probed neutrophils using an antibody (HIM3-4) that reacts with C2-set domain of CD33. Notably, we found a large pool of CD33 inside permeabilized neutrophils (Fig. 1A) . Neutrophils showed no internal expression of CD45, a control molecule normally expressed on the cell surface (Fig. 1C) . We also found an intracellular pool of CD33 in monocytes (Fig. 1A) . Unlike neutrophils, monocytes have high expression of CD33 on their cell surface and also express CD33 in an internal compartment (Fig.  1A) . Because CD33 expression is relevant for a role of microglia in Alzheimer's dementia, we chose a human microglia cell line CHME-5 to determine the status of CD33. Interestingly, we found large intracellular pool of CD33 in CHME-5 cells. We found no evidence of an intracellular pool of any other CD33rSiglec (Siglec-5/14, Siglec-7, Siglec-8, Siglec-9, Siglec-10, and Siglec-11/16) in neutrophils (Fig. 1B) .
CD33m is the primary intracellular variant
We were interested to know if the intracellular pool of CD33 consists of CD33m, CD33M, or both splice variants. Using antibodies specific to both the V-set domain (WM53) and the C2-set domain (HIM3-4), we found that in neutrophils and CHME-5 cells, the intracellular pool consists primarily of the CD33m isoform (Fig. 2, A and B) . One possible reason for this difference in trafficking of intracellular pool could be the loss of a disulfide bond between the V-set and the C2-set domain. CD33M is expressed as a disulfide dimer on the cell surface (24) . Interdomain disulfide bonds are salient features of the Siglec family (25) . CD33 V-set and C2-set domains each have three cysteines residues. Moreover, it has previously been shown that a CD33M mutant (one where the cysteine of the V-set domain is mutated) stays inside the cell and cannot traffic to the cell surface (16) . In pursuing this question, we could not get consistent and reproducible Western blots for CD33m despite trying various lysis protocols for neutrophils and CHME-5 cells such as with Nonidet P-40 buffer, RIPA (radioimmune precipitation assay buffer) buffer, 1% SDS lysis, freezethaw, and 1% SDS lysisϩsonication. Despite all these methods it seems that CD33m in neutrophils and CHME-5 cells is highly prone to degradation immediately upon cell breakage and cannot be consistently detected and studied on Western blots. Therefore, we relied on the immunofluorescence approach.
Subcellular localization of the intracellular CD33 pool
We used immunofluorescence to determine the cellular compartment where the intracellular pool of CD33 is located. We chose monocyte-derived macrophages to do these studies because of their distinct morphology (spread-out, with a large 
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cytoplasmic pool), which allows estimation of co-localization with organelle markers with higher degrees of confidence. Immunostaining with the C2-set specific antibody (HIM3-4 clone, which detects both CD33M and CD33m isoforms) confirmed the intracellular localization of CD33 on punctate structures, and these showed little or no co-localization with early endosomes (marked by EEA1, Fig. 3B ), lysosomes (marked by LAMP1, Fig. 3C ) or the ER (marked by Calreticulin, Fig. 3D ). Instead, CD33-positive punctate structures show clear co-localization with two peroxisome markers, Catalase and PMP70 (Fig. 3 , E and F). To determine whether the observed peroxisome-localized pool of CD33 is the full length or truncated isoform, we stained macrophages with an antibody that exclusively detects the full length CD33M isoform (WM53). This CD33M-detecting antibody revealed a pool of CD33 on the cell surface and little or none in the intracellular pool (Fig. 3A) . Thus, CD33M localizes predominantly at the cell surface, and the intracellular pool in peroxisomes is primarily composed of the CD33m isoform. We can also eliminate the possibility that the truncated CD33m is present as an aggregate inside the cells. First, we found it in the peroxisomes, and it carries the motif for trafficking to this organelle (see below). Secondly, we observed almost no co-localization with ER marker calreticulin. An early aggregate of CD33 should have shown co-localization with an ER marker.
Generation and characterization of specific CD33m antibodies
We generated several clones of antibodies for CD33m, which does not react with CD33M. We further characterized clone A16121H on cell lines and primary cells (Fig. 4A) . CHME-5 cells, which contains only CD33m and does not have CD33M, was used for initial characterization (Fig. 4A) . We found that all the CD33m protein in this cell line is indeed present as an intracellular pool. U937 cells are known to have large amounts of CD33M and small amounts of CD33m (26) . Using this newly generated antibody we found that this CD33m is accumulated inside the cells. Furthermore, we confirmed our findings of the existence of an intracellular pool of CD33m in neutrophils (Fig.  4A) . Using clone A16121H of CD33m and catalase, we also confirmed peroxisomal localization of CD33m in monocytederived macrophages (Fig. 4B) .
Retention of CD33M on the cell surface is independent of interaction with extracellular sialic acid ligands. The monocyte/macrophage-like cell line U937 has robust expression of CD33 that majorly consists of CD33M (26) . We hypothesized that all CD33 receptors go to the cell surface and are retained when bound to extracellular sialylated ligands. To test this hypothesis, U937 cells were treated with sialidase to selectively remove sialic acid from the cell surface. However, we found no significant change in the cell surface expression of CD33 (Fig.  5A ). This shows that the retention of CD33M on the cell surface and the intracellular localization of CD33m are not a result of their respective ability to bind sialic acids and be retained by extracellular ligands.
Limited mobilization of intracellular CD33m pool to the cell surface after stimulation.
In some cases cell surface receptors can exist as an intracellular pool and migrate to the cell surface in response to an inflammatory stimulus (27) (28) (29) (30) (31) . To check the possible mobilization of CD33m to the cell surface, we stimulated/activated the cells with lipopolysaccharide (LPS) or formylmethionylleucyl-phenylalanine (fMLP). First, we treated the neutrophils with LPS for 2 and 4 h. We found that LPS stimulation leads to decrease in cell surface expression of CD33 (Fig. 5B, right top  panel) . Prior studies have also shown this down-regulation of CD33 upon LPS stimulation and that this facilitates inflammation (32) . fMLP is the stimulus that activates neutrophils and causes chemotaxis out of the bloodstream (33, 34) . If activation motivates CD33m surface expression, we would expect a reduction in the intracellular pool when cells are treated with fMLP. Using different anti-CD33 antibodies (CD33M and CD33mϩM) we found there is partial mobilization of CD33 to the surface, and this fraction is CD33m (Fig. 5B, top and bottom left panel) .
Phylogenetic origins of the putative peroxisome trafficking motif
We noted that CD33 carries a peroxisome targeting sequence in the cytoplasmic tail, which is absent in all other human CD33rSiglecs (Fig. 6A) . Most peroxisomal protein targeting occurs by recognition of a PTS1 motif at the extreme end of the C terminus domain, but in some cases an internal motif can traffic protein to the peroxisomes (35-38) . In CD33, the putative motif is present near the C terminus but not at the 
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extreme position. Although we found that only the truncated CD33m variant localizes to peroxisomes, the SKL motif is also present in the full-length CD33M variant. It is possible that the putative PTS1 in the full-length CD33M variant is ineffective due to phospho-modifications on flanking regions of the cytoplasmic tail and/or allosteric competition with endocytic adaptors that mediate clathrin-mediated endocytosis of the cell surface receptor. Comparison of CD33 sequences across mammals showed that predicted PTS1 peroxisome-targeting motifs are present in three groups: Haplorhine primates, Perissodactyl Figure 3 . Intracellular CD33m localizes to peroxisomes. Shown is immunofluorescence staining for different cell compartments of macrophages isolated from whole blood using HIM3-4 clone. Boxed areas on left are magnified and displayed as individual channels. RGB profile plots measure the degree of co-localization of red and green pixels on vesicles along the line drawn in each magnified (Merge) panel. A, immunostaining specifically for the CD33M isoform (antibody WM53) shows that the full-length CD33M isoform is mostly located on the plasma membrane. B-F, the intracellular pool of CD33 co-localizes with peroxisome markers (Catalase and PMP70) but not with markers of early endosome (EEA1), lysosome (LAMP1), or endoplasmic reticulum (Calreticulin). Scale bar ϭ 10 m.
ungulates (in a CD33-like duplicate), and Odontoceti-toothed whales (38) . Ancestral state reconstructions indicate that these motifs evolved independently (Fig. 6B) . Among mammals, the third amino acid position of the PTS1 motif evolved by positive selection (BEB p ϭ 0.997. PAML M7 versus M8: np ϭ 122, 2⌬L Ͼ 356, p Ͻ 5 ϫ 10 Ϫ78 ; supplemental Figs. S1 and S2), where BEB is Bayes Empirical Bayes, np is the number of parameters, PAML is Phylogenetic Analysis by Maximum Likelihood, and L (in 2⌬L) is likelihood. Odontoceti-toothed whales have an intact peroxisomal targeting sequence that is interesting because they are the only other mammalian group with an extended post-reproductive lifespan (39, 40) . As in humans, grandmothering behavior in toothed whales would allow inclusive fitness to select for such alleles that reduce cognitive decline in elderly individuals.
Potential effects of CD33m in the peroxisome
We show the presence of an intracellular pool of CD33 in primary innate immune cells, a finding with many potential clinical implications. The peroxisome is the major site for metabolism of hydrogen peroxide and other reactive oxygen species, and there are clues to how peroxisome functions may influence LOAD (41, 42) . Peroxisome dysfunction (either resulting from a peroxisome biogenesis or a single enzyme defect) has been identified in severe demyelinating and neurodegenerative brain diseases (43) . Recent evidence suggests that increased oxidative stress during LOAD progression is accompanied by loss of peroxisomes (44) . Studies also point to functional and biogenetic relationships linking peroxisomes to mitochondria and suggest peroxisomal proteins as biomarkers/ therapeutic targets in pre-symptomatic Alzheimer's disease (45) . Much of the literature surrounds the use of agonists against PPARs (peroxisome proliferator-activated receptors) as therapeutic treatments to increase the number of peroxisomes in cells. Recent studies showed that the PPAR-␥ agonists play an important role in ␤-amyloid clearance by the microglia in brain for example, Pioglitazone treatment leads to polarization of microglia in M2 state and enhanced clearance of ␤-amyloid (46). Many non-steroidal anti-inflammatory drugs (NSAIDs) have also been shown to benefit Alzheimer's disease patients. These effects are associated with PPAR-␥ activation in microglia, which leads to down-regulation of cytokines and inducible nitric-oxide synthase expression (47, 48) . Whether CD33m contributes to these processes is a complex question that needs further investigation. It may be that CD33m is a decoy receptor that does not require sialic acid ligands for its activity or that its intracellular localization stimulates peroxisome proliferation. Technical difficulties with the immunoprecipitation of intracellular CD33 as mentioned above prevented us from determining whether the CD33m isoform actually takes part in sig- Figure 4 . Confirmation of peroxisomal localization of CD33m using isoform-specific antibodies. A, the flow cytometry analysis of CD33m in neutrophils, U937, and CHME-5 cells using the newly generated CD33m antibody (Clone A16121H). B, the immunofluorescence staining of CD33m and catalase showed the peroxisomal targeting of CD33m in monocyte-derived macrophages (n ϭ 2). 
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naling (whether it gets tyrosine-phosphorylated or recruits SHP-1 phosphatase), and if there are functions of CD33m within the peroxisome, they remain to be determined.
Conclusions and perspectives
Prior studies of the two isoforms of CD33 mainly used transfected cell with overexpression and concluded that both forms are found only on the cell surface (26, 49) . We studied the cellular localization of two isoforms in native cells and cell lines and instead found that CD33m is virtually undetectable on the cell surface at steady state and, therefore, is unlikely to be engaged in cell surface signaling as previously assumed. Thus, the derived CD33 allele that evolved in humans achieved its protective effect by the loss of an existing signaling function, and this mechanism alone may be sufficient to explain the observed protective effect of the derived CD33 allele. CD33m has lost the ability to suppress microglial activation, and this (along with the concomitant decrease in the abundance of the inhibitory CD33M isoform) may increase overall microglial activity against amyloid plaques in the brain protecting postreproductive individuals from LOAD. Based on the specific trafficking of CD33m in peroxisome, we could also hypothesize that CD33m in peroxisome might have some other unknown functions that remain to be determined in future studies.
The less-is-more hypothesis suggests that loss-of-function mutations can be adaptive and that they should be common, because mutations that result in a loss-of-function are common (21, 22) . There are many gene losses with apparent beneficial effects, but few such mutations are actually recognized as adaptive losses of function (Table 1) . For empiricists, the intrinsic difficulty of the less-is-more hypothesis is that it posits a negative. It will not ever be possible to exhaustively explore all potential alternative functions, and indeed this is a challenge for testing any adaptive hypothesis (50) . To assess the importance of the less-is-more mode of evolution, we must instead look for examples where an adaptive phenotypic difference can be plausibly explained by effects that can be measured. Here we provide a clear example; CD33m has lost some of the functions of the ancestral CD33M molecule; it cannot bind sialic acids, and its location inside the cell prevents it from signaling to suppress microglial activation. There may of course be other new functions associated with the presence of CD33m in the peroxisome, and if CD33m influences peroxisomal proliferation it may be a promising therapeutic target. But the observed loss of signaling may be sufficient to explain the protective effect of CD33m on LOAD. The adaptive importance of preserving cognitive function in the elderly is clear (14) . Thus, the derived allele that protects elderly humans from LOAD disease likely evolved by a less-is-more adaptive loss-of-function.
Deciphering the role of CD33m and CD33M in Alzheimer's dementia is also hindered due to non-accessibility of specific antibodies against CD33m that does not react with CD33M. To address this problem we also generated new rat monoclonal 
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CD33m antibodies with no reactivity for CD33M. The new antibody will allow us to study CD33m and CD33M independently and examine potential CD33m functions in the peroxisome.
Experimental procedures
Cells and antibodies
For this study, polymorphonuclear leukocytes (PMN) and monocytes were isolated from healthy donors in accordance with the guidelines issued by the Institutional Review Board, University of California, San Diego (UCSD). PMN isolation was performed with 50 ml of heparinized blood using Polymorphprep TM (Axis Shield, Dundee, Scotland) as per the manufacturer's protocol. A monocyte/macrophage-like cell line U937 was used for sialidase treatment. CD33rSiglec antibodies such as Siglec-5/14 (Clone 1A5, BioLegend Inc., catalog no. 352004), Siglec-7 (Clone 194211, R&D, catalog no. FAB11381A), Siglec-8 (7C9, BioLegend catalog no. 347104), Siglec-10 (Clone 5G6, BioLegend, catalog no. 347604), and Siglec-11/16 (Clone 4C4) were used for FACS analysis.
Flow cytometry of permeabilized and non-permeabilized cells
Cells were stained with anti-CD33 antibodies specific for the different domains as indicated in Fig. 2B . For the non-permeabilization condition, 1 million cells per sample were stained with the indicated antibodies in FACS buffer (1% BSA in PBS with 10 mM EDTA) for 30 min on ice. For the permeabilization condition, cytoperm/cytofix kit (BD Pharmingen, catalog no. 554714) was used. The permeabilization and staining was performed according to the manufacturer.
Immunofluorescence and confocal microscopy
For immunofluorescence staining, 50 ml of blood was isolated from the healthy donors. The peripheral blood mononuclear cell layer was isolated from the blood and split into a 12-well plate in complete media (RPMI-40 ϩ 10%FCS ϩ 1% penicillin/streptomycin) covered with sterile glass coverslips. The medium was replaced after overnight incubation, and new medium containing RPMI-40 ϩ 10%FCS ϩ 100 ng/ml of human M-CSF (BioLegend, catalog no. 574806) was added in order to differentiate monocytes into macrophages. After 5 days of incubation at 37°C with 5% CO 2 the cells were washed 3 times with PBS and fixed with 4% paraformaldehyde at room temperature for 20 min. The cells were permeabilized (0.1% Triton X-100) for 1 h and incubated for 1 h with each primary and then secondary antibodies as described previously (51). Dilutions of antibodies and reagents were as follows: antiCD33mϩM (Clone HIM3-4 Biolegend catalog no. 303304, 1:20), EEA1 (cell signaling, clone C45B10, catalog no. 3288, 1:250), calreticulin (Abcam catalog no. ab2907, 1:1000), LAMP1 (Abcam catalog no. ab24170, 1:1000), Catalase (EMD Millipore catalog no. 219010, 1:200), PMP70 (Abcam catalog no. ab3421, 1:600), and CD33M (Clone WM53, Biolegend, catalog no. 303402, 1:100). Secondary goat anti-mouse-Alexa488 and goat anti-rabbit Alexa594 (1:500) were used. Images were acquired using a Leica CTR4000 Confocal Microscope with a 63ϫ objective. Z-stack images were obtained by imaging ϳ4-m thick sections of cells in all channels. To estimate the degree of co-localization in immunofluorescence assays, ImageJ RGB Profiler plugin was used to determine the intensity fluorescence distribution for corresponding fluorophore (green and red channels). Red-green-blue (RGB) graphic profiles were created by analyzing the distribution and intensity of pixels of these colors along a chosen line using ImageJ software. All individual images were processed using Image J software and assembled for presentation using Photoshop and Illustrator software (Adobe).
Generation of rat monoclonal antibodies against CD33m
The procedure used was similar to that described previously (52) with the following modifications. The immunogen was a Keyhole limpet hemocyanin-conjugated peptide corresponding to the N-terminal sequence unique to CD33m. The hybridomas were screened by enzyme-linked immunoassay on 96-well plates coated with recombinant CD33m-Fc and CD33M-Fc, separately. CD33m-Fc-positive clones that did not show reactivity with CD33M-Fc were selected and subcloned.
Sialidase, LPS, and fMLP treatment
U937 cells were treated with Arthrobacter ureafaciens sialidase (AUS) as described previously (53) . Briefly, 20 milliunits of AUS were incubated with 1 million cells per condition at 37°C for different time points up to 2 h. For the LPS and fMLP treatment, 1000 ng/ml LPS and 100 nM fMLP at 37°C were used on PMN isolated from human blood. The treatment of LPS was performed for 0, 2, and 4 h, whereas treatment with fMLP was performed for 15 min. 
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GraphPad Prism 5 was used to implement unpaired Student's t tests for analyses involving two groups and an analysis of variance for comparisons of CD33 abundance after sialidase treatment. CD33 sequences were collected from as many mammal species as possible by blast (54) . Alignments and a maximum likelihood phylogeny of CD33 were generated using the default settings on the www.phylogeny.fr server 5 (38, 55) . Models supporting the codon specific tests of selection were estimated using PAML v4.7 (56) . MEGA 6.0 (57) was used to reconstruct ancestral states under maximum parsimony and maximum likelihood (JTT substitution model, uniform rates). Peroxisome motifs were predicted using the PTS1 Prediction server (mendel.imp.ac.at/mendeljsp/sat/pts1/PTS1predictor.jsp) 5 (58) .
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